Salicylaldiminato-derived [O-NS]TiCl 3 is used in the copolymerization of ethylene and propylene in toluene solution with methylaluminoxane as the co-catalyst. The effects of temperature, Al/Ti molar ratio and feed ratio of ethylene and propylene on the solution copolymerization and its resulting copolymer structure are investigated. It is revealed that the ethylene content in the resultant copolymers and the copolymerization activity decrease with the increase of propylene addition. The 13 C-NMR analysis demonstrates that the copolymers are essentially composed of long ethylene sequences with some isolated propylene units and smaller amount of PP diad. Moreover, the triad distribution data are elaborated in a statistical strategy to determine the reactivity ratios, which are also compared with the first-order direct fit method and the first-order/second-order Markovian methods. The product of monomer reactivity ratio reaches a minimum value of 0.37 at 60 C, indicating the best temperature for ethylene-propylene copolymerization in this system. The results also indicate that there are hardly penultimate unit effects.
Introduction
Ethylene-propylene copolymer is a commercially important material, and has been widely studied in the past decades for its insensitivity to oxygen, ozone, acids, and alkaline with no double bonds in the backbone of the polymer chain. In most technical processes for the production of ethylene-propylene copolymers, soluble or highly dispersed vanadium compounds such as VCl 4 , VOCl 3 and VO(OR) 3 , co-catalyzed by alkylaluminium chloride in the presence of an organic halogen promoter, are commonly used.
1,2 However, it is inconvenient because the residual vanadium content in the polymer above 10 ppm can cause discoloration, aging, toxicity, etc.
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In 1985 Kaminsky rst synthesized the ethylene-propylene copolymer using a metallocene catalyst. 4 During the last three decades, the single-site catalytic systems based on the metallocene complexes of group IV metals have been extensively reported.
5-10 A well-known distinct feature of the single-site metallocene catalysts is their ability to copolymerize ethylene and a-olens with both narrow molecular weight distribution and narrow chemical composition distribution, which offers a desirable control over the physical and mechanical properties.
Waymouth et al.
11 studied the copolymerization of ethylene and propylene with metallocenes containing different substituent and bridge. The results indicated that metallocenes having heterotopic active sites yielded alternating, isotactic copolymers, and silicon-bridged metallocenes produced copolymers with higher activity and molecular weight but lower propylene incorporation at similar feeds than the carbon-bridged analogues. Recently, the research of Mitsui Chemicals on bis(phenoxyimine) group 4 transition metal catalysts known as FI catalysts revealed that the appropriate choice and design of phenoxyimine ligands, metal, co-catalysts, and polymerization condition made the catalysts very selective in almost all aspects of polymerization and polymer structure. [12] [13] [14] The development of well-dened catalysts from coordination compounds could create new opportunities for synthesis of desired polymers with tailored structure and relevant properties. Fujita et al. 15 synthesized a FI catalyst for producing amorphous ethylene-propylene copolymer with ultrahigh molecular weight. The resultant copolymer had a weight-average molecular weight of 10 200 kg mol
À1
, which represents the highest molecular weight known for linear, synthetic copolymers to date. Moreover, Redshaw and Tang systematically reviewed the development of tridentate ligands which incorporate a functionality capable of weakly binding to a metal and thereby altering either the electronics, steric or both. 16 It is proving to be a fruitful strategy for controlling the properties of complexes in polymerization catalysis and elsewhere.
The reactivity ratio is an important parameter in the copolymer composition equation, and it is widely used to describe the features of ethylene-propylene copolymerization. Most authors have already commented on the ability of metallocenes to prepare ethane and propene copolymers with random distribution of the comonomers. 5, 17 Zhu et al. 18 developed a simple method to determine the Markoff model and the monomer reactivity ratio through the two component sequence of the copolymer determined by 13 C-NMR and the feed ratio of ethylene-propylene copolymerization.
In this work, a salicylaldiminato-derived titanium complex containing a tridentate
is used for the copolymerization of ethylene and propylene in toluene solution with methylaluminoxane as the cocatalyst. The effects of polymerization conditions such as polymerization temperature, cocatalyst concentration and feed ratio of ethylene and propylene are investigated. Moreover, taking into account the effect of the penultimate monomer unit, the rst-order Markovian model and second-order Markovian model are both used to describe the monomer reactivity ratios and resultant structure are also discussed.
Experimental

Materials
Toluene was dried over a sodium/potassium alloy and distilled for 6 hours before use. All other organic solvents were freshly distilled from sodium benzophenone ketyl immediately prior to use. Polymerization grade gases of ethylene (E) (purity 99.95%) and propylene (P) (purity 99.95%) were dried by passing through the columns lled with 3Å molecular sieve and Cu catalyst before entering the reactor. The salicylaldiminato-derived complex, [O-NS]TiCl 3 , was synthesized according to the reference. 19 The cocatalyst, methylaluminoxane (MAO), was provided by AKZO NOBEL in the form of 10 wt% solution in toluene.
Polymerization procedure
All polymerization runs were carried out in a 100 mL clean glass ask with a heating magnetic stirrer under atmospheric pressure. Before polymerization, the reactor was evacuated and charged with nitrogen alternatively for three times. The reactor was heated to the required temperature and remained constant. Then, the certain amounts of toluene solution, MAO/ toluene suspension and gaseous mixture of ethylene and propylene were added to the reactor sequentially. Aer the solution was saturated with ethylene and propylene, the polymerization reaction was started by injection of the [O-NS] TiCl 3 /toluene solution. During the polymerization process, the mixture of ethylene and propylene was fed to the reactor continuously to maintain the atmospheric pressure. Aer 15 min, the copolymerization was terminated by the addition of acidied ethanol. The reaction mixture was poured into dilute HCl/ethanol solution. The precipitated product was ltered and washed with ethanol and then was dried under vacuum at 60 C.
The concentration of ethylene in toluene during the polymerization reaction was estimated with the equation provided by Kissin:
where K E is Henry constant (1.74 Â 10 À3 mol L À1 per atm for ethylene in toluene), T is the absolute temperature, R is the molar gas constant, and Q E is the heat of solution (10.63 kJ mol À1 for ethylene in toluene). P E is the monomer pressure in the gas phase. The concentration of propylene in toluene during the polymerization reaction was calculated with the equation obtained by Galland.
where K P is Henry constant (7.67 Â 10 À6 mol L À1 per atm for propylene in toluene), T is the absolute temperature, R is the molar gas constant, and Q P is the heat of solution (28.69 kJ mol À1 for propylene in toluene). P P is the monomer pressure in the gas phase.
Characterization
The molecular weight and its distribution were determined by a Viscotek 350A HT-GPC System. 1,2,4-Trichlorobenzene was used as solvent and the analysis were performed at 120 C and 1.0 mL min À1 ow rate. The thermal properties of copolymers were measured using a DSC Q200 instrument with a heating/ cooling/heating rate of 10 C min À1 from À90 C to +150 C under a dry nitrogen atmosphere aer eliminating thermal history and the second heat curve was adopted. The microstructure of copolymer was characterized with Varian Unity-300 nuclear magnetic resonance (NMR) instrument. The samples were dissolved in deuterated o-dichlorobenzene with a concentration about 10%. At least 3000 scans at 120 C were applied for each acquisition to obtain a good signalto-noise ratio.
Results and discussion
Copolymerization features and copolymer characteristics
The copolymerization of ethylene and propylene was carried out using salicylaldiminato-derived [O-NS]TiCl 3 (Scheme 1) activated by MAO. The effects of polymerization temperature, Al/Ti molar ratio and monomer feed ratio on the copolymerization
Table 1
Summary of ethylene and propylene solution copolymerization at different conditions ).
f Weight average molar mass measured by high-temperature GPC. behavior were investigated and the relevant experimental results are listed in Table 1 . The polymerization activity increases with higher reaction temperature, but further increase in the temperature led to activity reduction. In this copolymerization system, not only the reaction rate constant, but also the solubility of monomer in toluene and the stability of the catalyst are affected by the reaction temperature. This behavior can be ascribed to the competition between the decreasing of monomer concentration, partial deactivation of catalyst and the increasing of propagation rate. And at high temperature, the former one becomes the main factor affecting the reaction activity. An activity peak is obtained at a mole ratio of Al/Ti ¼ 3000. At much higher concentration of MAO, the polymerization activity is slightly declined. This phenomenon is possible due to excessive complexation of MAO with the active centers. Therefore, the vacant coordination positions at these active centers become unavailable for monomer complexation. Ethylene/propylene (E/P) feed ratios of 75/25, 67/33, 50/50 and 33/67 mol% are also employed for the copolymerization process. The activity of catalyst is reduced with decreasing E/P feed ratio due to the greater steric hindrance of propylene and the variety chain transfer reaction with propylene incorporation, which should be a common behavior in a similar polymerization process.
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It is observed that the propylene content of the obtained copolymer can be dependent on different polymerization parameters, such as temperature, Al/Ti ratio and E/P feed ratio etc. Propylene content of the copolymers declines with increasing E/P feed ratio. The variety of propylene content in the copolymers versus polymerization temperature reveals typical mountain shape with maximum at 60 C. This behavior may be attributed to the greater thermal stability of the propylene p-complex of Ti + P compared to the ethylene p-complex of Ti + E and the increment of E/P concentration ratio in toluene though lower monomer concentration by temperature increase. 22 Propylene content in the copolymers increases with increasing the Al/Ti molar ratio up to 3000, and remains stable beyond this ratio. Table 1 also shows the weight-average molecular weight (MW) and its distribution (MWD) of the copolymers obtained at different conditions. For this catalyst system, the temperature increases, the MW and MWD decrease. These should be attributed to the increase of chain transfer rate and faster monomer diffusion at higher temperature, respectively. Besides, MW of the obtained copolymers decreases with the boosting of Al/Ti ratio. This means the chain transfer to aluminium is a prominent chain termination route. 23 Meanwhile, the Al/Ti ratio almost has no effect on MWD. Most E-P copolymers have polydispersity values close to a Schulz-Flory distribution.
The melt temperature (T m ) and crystallization temperature (T c ) are found in the DSC curves of all samples listed in Table 1 . It is observed that T m and T c increase with increasing average sequence length of ethylene in the resultant copolymers under the same E/P ratio in feed due to the crystallization of EEE block segments. Moreover, the variation tendency of the percentage of crystallinity (X c ) agrees with the T c . The thermal properties such as T m , T c , X c seem to remain constant while changing the Al/Ti molar ratio beyond 1000. When the propylene content is more than 22.3 mol%, the glass transition temperature (T g ) becomes visible. The variety of average sequence length of ethylene in the copolymers is negligible with the mutation of Al/Ti ratio. Furthermore, the triad fraction of EPP + PPE segments is increased when increasing the Al/Ti molar ratio. Fig. 1 presents the assignments of the characteristic signals in the 13 C-NMR spectrum of sample, 18 which is selected as a representative obtained copolymer. The results indicate that there are no signicant head-to-head and tail-to-tail structures (inverted propylene sequence). Moreover, it is advisable to neglect the signal of PPP triad which is too feeble to being detected. Therefore, the quantitative evaluation of the sequence distribution at triad level from 13 C-NMR can be allowed. The chemical shi assignments and calculation follow the analysis method of Randall 24 and Carman et al. 25 Table 2 lists most of the a Herein, P, S and T denote primary, secondary, and tertiary carbons, respectively. The letters m and r refer to meso and racemic, respectively. The position of a carbon relative to its nearest tertiary carbon was expressed by two Greek subscripts. 26, 27 peaks found in the spectrum and their chemical shi, which allows to estimate relative percentages of every triad present in the copolymer. From these triads determination, it is possible to calculate the average sequence length of the monomeric blocks as following:
Reactivity ratios
Herein, a rst-order Markovian statistical model is adopted to determine the reactivity ratios of ethylene and propylene in E/ P copolymerization. 26 According the rst-order Markovian method, the rst-order reactivity ratios of ethylene and propylene copolymerization base on the input of diad fractions [EE] , [EP] and [PP] and the molar ratio of ethylene to propylene in the liquid phase (F ¼ C E /C P ):
It is suggested that the second-order Markovian model should be more appropriate, taking into account not only the effect of the ultimate monomer unit but also that of the penultimate one. According the second-order Markovian method, the second-order reactivity ratios base on the input of the triad fractions [ 
EEE], [EEP], [PEP], [EPE], [EPP] and [PPP]
and the reactor feed F: Table 3 presents the reactivity ratios calculated by the rst-order and second-order Markovian, and the rst-order direct t method including error margins. For both Markovian methods, the reactivity ratios are the average of individual results of the copolymerization and the error margins are determined by:
with u is the number of copolymers in the series, r u is the reactivity ratio of the sample and r a is the average of the reactivity ratios.
For the rst-order direct t method, Fineman-Ross method and Kelen-Tüdös method can be applied to calculate the monomer reactivity ratios. 27 The corresponding methods at different temperature are shown in Fig. 2 . For the FinemanRoss method, X(Y À 1)/Y and X molar concentration ratio of ethylene and propylene in the feed and copolymer, respectively. With regard to the Kelen-Tüdös method, constant a is introduced to correct the Fineman-Ross method in consideration of the penultimate effect.
XðY
also have a reasonable linear relationship,
, where the constant a is the geometric mean of minimum and maximum of the X 2 /Y in a group of experimental data. Comparing the results obtained from different methods, there is a gap between the two sets of r EP and r PE (Fig. 3) . Furthermore, the Fineman-Ross method matches with the rst-order Markovian faultlessly. So the better tting between the Fineman-Ross method and the rst-order Markovian method indicates that the copolymerization may be just inuenced by the terminal monomer unit. And the gap between the rst-order direct t method and the second-order Markovian method denotes that the effect of the penultimate monomer unit turns out to be small. Generally, r EP > r PE , indicates that ethylene insertion is preferred when either ethylene or propylene is the last inserted unit. Here, r EP [ 1 and r PE ( 1, the higher the value of r EP /r PE , the longer the consecutive sequences of ethylene repeat units in the obtained copolymers. Moreover, the values of n E and n P in Table 1 shows that the resultant copolymers are essentially composed of long ethylene sequences with some isolated propylene units and less amount of PP diad which can be conrmed from the low values of PPE + EPP for all samples and the higher fraction for EPE triads. A raise in r EP with increasing polymerization temperature reveals that high temperature is helpful to propylene insertion. And a valley-shape variation of r EP with increasing temperature means there is a proper temperature (60 C) to promoted copolymerization of ethylene and propylene. According to the product of reactivity ratios r EP r PE < 1, it is concluded that the [O-NS]TiCl 3 /MAO bring nearly random E-P copolymers. The product of reactivity ratios r EP r PE at 60 C gets a minimum value 0.37 and reached a maximum value 0.96 at 80 C.
Conclusions
In this work, the catalyst [O-NS]TiCl 3 is used in ethylene and propylene copolymerization in toluene solution with MAO as the cocatalyst. The copolymerization behaviors dependent on reaction temperature, Al/Ti molar ratio and E/P feed ratios. It is revealed that the ethylene content in the obtained copolymers and activity of catalyst decrease with the increase of propylene addition. There is an optimum polymerization temperature and Al/Ti molar ratio for obtaining the highest yield and propylene content of copolymer. T m , T c and X c of the samples increase with increasing the ethylene content due to the crystallization of EEE block segments. T g of the nal copolymers becomes visible when the propylene content is more than 22.3 mol%. A series of E-P copolymers with M w ¼ 20 000-100 000 are synthesized with a narrow MWD (1.7-2.6). The 13 C-NMR results demonstrate that the copolymers are essentially composed of long ethylene sequences with some isolated propylene units and less amount of PP diad. Furthermore, the triad distribution data are elaborated in a statistical method to determine the reactivity ratios of the monomers, which are also obtained by the rst-order direct t method and the rst-order Markovian method. The comparative results indicate that there is scarcely penultimate effect in this catalyst system. This journal is © The Royal Society of Chemistry 2017
